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Mechanisms underlying the freezing and melting
behavior of water confined in silica nanopores as
a function of pore size and pore filling
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Uncovering the mechanisms of freezing and melting behavior in nanoconfined fluids can unlock

fundamental insights into the fate and transport of fluids in soils present in cold climates. From a

scientific perspective, the structural and thermodynamic behavior of confined and interfacial water has

sparked significant discussions, particularly regarding the characteristics of phase transitions and spatial

heterogeneity as a function of temperature and pressure. Observations frequently report interfacial

unfrozen liquid layers on hydrophilic surfaces, distorted ice crystals and suppressed freezing and melting

points in confined water compared to bulk water. These effects are often attributed to the restricted

molecular mobility and the influence of pore surfaces. However, the exact nature of these phase

transitions and the specific characteristics of the layered arrangement remain uncertain. In this study, we

present an approach to elucidate the layered structural arrangement and phase transitions of confined

water through integrated thermal analysis and molecular dynamics (MD) simulations. By employing

differential scanning calorimetry (DSC) on samples with precisely controlled pore fillings achieved

through the vapor loading method, we reveal evidence of the formation of sequential water layers and

estimate the individual layer widths. The observed reduction in the enthalpy of fusion during freezing

relative to bulk water, alongside distinct heat flow peaks, indicates the potential occurrence of weak

first-order transitions in the frozen layers. Experimental findings are further supported by classical MD

simulations conducted on analogous systems confined in amorphous silica slit pores with widths

ranging from 4 to 8 nm. The combined influence of cooling rate, surface hydrogen bonding, and non-

bonding interactions between silica and confined water critically impact the development of interfacial

ice polymorphs.

1. Introduction

Uncovering key properties of confined and interfacial water
such as freezing and melting points has far-reaching implica-
tions across diverse fields, including environmental science,1

biomedical research,2 and chemical processes.3 The ability to
architect materials with uniform pore size distributions4,5

enables detailed investigation of the distinct phase behavior
of fluids in confinement.6–9 Water, when confined in nano-
pores, exhibits several unusual properties. The thermodynamic
variable that is highly affected by the confined spaces is

pressure due to the anisotropy offered by the confinement. At
thermal equilibrium, the difference between the parallel and
perpendicular components of the pressure tensor affects the
interfacial tension of the solid–liquid interface, which in turn,
influences the confined water structure.10 As a result of the
solid–liquid interaction and pressure-induced distortion in the
hydrogen bonded water molecules, the density of water is often
observed to be reduced by 15–20% compared to that of bulk
water in materials with pore diameters of 2.2–7.7 nm.11 Another
variable that significantly influences the structural and dyna-
mical characteristics of confined water is temperature. For
example, to deduce damage mechanisms in cement and con-
crete that consist of a large array of various sized nanopores as
a function of temperature, Bonnaud and co-workers12 investi-
gated the water properties in the pores of calcium–silicate–
hydrate (C–S–H) within a temperature range of 100 K to 575 K.
A rigorous characterization of excess potential energy, excess
entropy, and mean water density in their study revealed a
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liquid–liquid transition of the confined water within 180 K to
195 K followed by a glass transition at B170 K.12 Differential
behavior of confined water has also inspired researchers to
examine the effect of confinement over several key biological
processes associated with crucial biomolecules such as proteins
that exhibit strong variability in folding pattern depending on
the biological milieu, and the surrounding spatial, and thermo-
dynamic constraints. To elucidate the effects of the latter two
on the folding stability and initial disorder of a protein, Layek
and co-workers13 reported the response of an albumin binding
domain at lower temperatures within an armchair single-walled
carbon nanotube confinement. Interestingly, the structural
fluctuations in the protein that directly result during the
unfolding episode, were suppressed due to the confinement
along with a direct impact of thermal energy on the protein’s
folding propensity.13 Analogous investigations of the behavior
of water in nanoscale confinement revealed several key phe-
nomena underlying the differences in the melting and freezing
points compared to bulk water. Zaragoza and co-workers14

assessed the diffusion and viscosity of water in the pores of
carbon nanotube that led to the development of a confined
Stokes–Einstein relation. At temperatures r263 K, the diffu-
sion coefficient of confined water was found to resemble that of
bulk water; while at high temperatures, the values were higher
than their bulk counterparts. In fact, viscosities computed from
diffusivities yielded by confined Stokes–Einstein relation dif-
fered significantly from that obtained using traditional Green–
Kubo relationships. However, the authors observed the viscos-
ity to be unaffected by the confinement geometry.14 These
findings motivate the development of a rigorous research
approach that links the phase transitions of confined water to
the underlying molecular scale mechanisms.

Contrary to the relatively simpler phase transition of bulk
water, phase transitions of water in nanopores is considered to
be more complex with significant shifts in freezing and melting

points due to the interfacial interactions with the pore
surface.15–17 Early theoretical models, such as the Gibbs–Thom-
son (G–T) equation attempted to describe the relationship
between pore size and freezing and melting point
depressions.18,19 However, deviations observed between experi-
mental data and theoretical predictions have led to modifica-
tions of the G–T equation, including the incorporation of an
unfrozen layer at the pore surface.20 Fitting phase transition
onset points obtained from thermal or kinetic measurements
with modified G–T equations that include a 0.3–0.8 nm unfro-
zen layer is widely practiced to characterize the unfrozen water
layer in confined environments.6,8,20,21

Advanced characterization techniques, such as differential
scanning calorimetry (DSC), nuclear magnetic resonance
(NMR), broadband dielectric spectroscopy (BDS), small- and
wide-angle X-ray scattering (SAXS/WAXS), along with molecular
dynamics (MD) simulation methods, have been utilized to
reveal critical insights into the thermodynamic parameters,
kinetic processes, structural organization, and molecular inter-
actions characteristic of confined water.6–9,20,22,23 Growing
experimental evidence and simulation studies support the
existence of unfrozen interfacial water layer in hydrophilic
confinements. Observations from NMR and BDS provide com-
pelling evidence of unfrozen water persisting at low tempera-
tures within nano-confinement, aligning with predictions
made in theoretical models.9,17,24 In addition to distinguishing
between unfrozen interfacial layers and confined core water,
more sophisticated multi-layered models have been proposed
to elucidate the complex phase transition behaviors observed in
the thermal analysis of confined water within pores larger than
2.2 nm. Various methodologies and simulation approaches
suggest the presence of 2–4 structural layers, with dynamic
shifts in these layers reported under different experimental
conditions.8,11,15 Among these studies, Xia and co-workers,
through DSC and NMR studies, proposed a three-layer freezing
model in materials with pore diameters of 4–15 nm to elucidate
the fragile-to-strong dynamical crossover observed in super-
cooled water.6 The intricate nature of nano-confined water
phase transitions challenges the classification of these transi-
tions as either first-order or glass transitions, with emerging
evidence indicating that confined water undergoes gradual,
continuous transformations in ice structure.25 For example,
Erko and co-workers highlighted that the characteristics of
confined water cannot be directly inferred from bulk water
behavior, with phase transitions showing unique intermediate
states.26

Understanding the layer-by-layer or core-to-surface freezing
mechanisms is another crucial factor for elucidating the struc-
tural and dynamic evolution of confined water during phase
transitions. One promising approach involves capturing ther-
mal snapshots of confined water samples with precisely con-
trolled pore fillings, which could reveal discrete phase
transition peaks corresponding to each layer, thus providing
valuable insights into the sequential nature of these transi-
tions. Additionally, MD simulations offer a molecular-scale
perspective on the evolution of structures of water clusters as
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a function of the most crucial thermodynamic variables such as
temperature and pressure, and the role of solid–liquid inter-
action in influencing the fate of the confined liquid, comple-
menting experimental observations.7,15,22 In silico studies also
provide detailed information on the coordination behavior of
water molecules in confinement that is unattainable directly
from experiments. These studies also offer insight into the
behavior of confined water as a function of the cooling rate,
which has direct consequences on the resultant polymorphs.27

In this study, we propose to leverage vapor-loading techniques
for pore filling to achieve accurate control over sample
composition28 enabling robust analyses of phase transitions
in confined water. We segregate the regions of structurally
different water layers, thoroughly investigate their coordination
environment, and quantify the contribution of the solid surface
in modulating the structure of water through non-bonding
interactions. Employing MD simulations in tandem with DSC
measurements (Fig. 1) enhances our understanding of the
dynamic structural evolution of confined water and informs
hypotheses about layer-specific phase transitions in nano-
confinement.

Therefore, the three research questions this work addresses
are: (1) How does pore filling and pore size influence phase
transition behavior of nano-confined water and layer-by-layer
freezing and melting behavior? (2) How does the coordination
environment of water vary in the layered structures of nano-
confined water? (3) What is the energetic basis underlying the
phase transition behavior of nano-confined water? Addressing
these questions is crucial for unpacking complex phase transi-
tion behavior of water in confinement on freezing and melting.
To summarize, this study offers several new insights that are
not discussed in prior studies. First, the layer-by-layer freezing
behavior as a function of pore filling and pore size are deter-
mined using differential scanning calorimetry (DSC) measure-
ments. Second, the molecular scale basis underlying the
observed freezing and melting behavior in nanoscale

confinement from the perspective of the coordination environ-
ment, hydrogen bonding, electrostatic and van der Waals
interactions, are discussed.

2. Materials and methods
2.1. Confined water sample preparation via vapor loading and
characterization using differential scanning calorimetry (DSC)

SBA-15 samples with pore diameters of 4, 6, 8, and 12 nm
obtained from Sigma-Aldrich are used for loading water into
these materials. The pore size distributions of SBA-15 are
determined using an Anton Paar ASIQ C-MP model BET surface
analyzer via nitrogen adsorption–desorption isotherms. The
pore size distributions are calculated using the nonlocal den-
sity functional theory (NLDFT) method29 (see Table S1). The
vapor loading method adapted from Agrawal and co-workers28

is used to fill the SBA-15 nanopores. Deionized water is pre-
pared using a Milli-Q Advanced A10 model. To achieve vapor
loading, 10 mL of DI water is added to a 35 mL sealed
container, in which an open vial containing 0.1 g of SBA-15 is
placed. The sealed setups are subsequently immersed in a
water bath maintained at 308 K using a heating plate for
samples with pore diameters of 4, 6, and 8 nm, while samples
with a pore diameter of 12 nm are kept at ambient temperature.
By monitoring the change in sample weight (msample) over time
(Fig. 2), the variation in pore filling with loading time at a fixed
temperature is obtained. The pore filling level (f) is calculated
using eqn (1).

f ¼ mwater

rbulkVSBA-15
(1)

mwater represents the weight of the confined liquid at each
time instant, rbulk is the bulk liquid density, and VSBA-15

Fig. 1 Snapshots of water-filled amorphous silica slit pores used in
molecular dynamics simulations, with widths of (a) 4 nm, (b) 6 nm, and
(c) 8 nm. Silicon, oxygen, and hydrogen atoms on the silica surface are
shown as yellow, red, and white vdW spheres, respectively. Water mole-
cules are depicted as blue lines.

Fig. 2 Variation of normalized pore filling level (volume of loaded water
divided by the pore volume of SBA-15) during the vapor loading process.
The water volume was calculated from weight changes using the bulk
density. The inset shows a magnified view of the first 70 hours.
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represents the measured pore volume. f is calculated by
normalizing the confined liquid volume at each time point to
the fully filled pore capacity (VSBA-15). Density of the confined
liquids is assumed to be equivalent to the bulk liquid density
(rbulk), as indicated by previous research.7 The freezing and
melting phase transitions of the confined liquids are analyzed
using differential scanning calorimetry (DSC) on a TA Instru-
ments DSC-25 model with a ramp rate of 5 K min�1 from room
temperature down to 103 K, followed by equilibration at 103 K,
and subsequent heating to room temperature at the same rate.

2.2. Analysis of DSC data

The onset temperatures of the DSC curves during freezing and
melting are defined as the freezing point and melting point,
respectively.20 The sample-specific freezing and melting enthal-
pies (DHprocess) are obtained by integrating the areas under the
respective curves.30 The phase transition enthalpy of confined

water DH�process
� �

is obtained by dividing the sample-specific

phase transition enthalpy by the weight proportion of confined
water in the sample (awater), as shown in eqn (2) and (3) below.

DH�process ¼
DHprocess

awater
(2)

awater ¼
mwater

msample
(3)

As confined water consists of both freezable and unfrozen
water, samples that do not exhibit phase transition peaks
(above 103 K) are considered to contain only unfrozen inter-
facial water. The corresponding pore filling levels of these
samples represent the volume of unfrozen liquid. The fraction
of freezable water (afreezable) is determined using eqn (4).

afreezable ¼
f� fint

f
(4)

In the sample group with the highest pore filling level (f)
containing only interfacial water, the specific pore filling level
(fint) is used as a reference to calculate the fraction of freezable
water (afreezable) in samples with higher pore filling levels
(f 4 fint).

The normalized phase transition enthalpy is calculated
using eqn (5) by comparing the phase transition enthalpy of
confined freezable water with that of bulk water to quantify
confinement-induced enthalpy suppression.

DHnormalized ¼
DH�process

afreezableDHbulk
(5)

DH�process is the freezing or melting enthalpy of confined
water. DHbulk is the enthalpy of fusion of bulk water.
DHnormalized is obtained by normalizing DH�process to the

enthalpy of bulk water (DHbulk) to investigate the order of
transition in freezable water, thereby elucidating the nature
of the phase transition (eqn (3)). The enthalpy of fusion for
water (DHbulk) used is 334 J g�1.31 The unfrozen water, shown to
have no contribution to the enthalpy change, is excluded from

the calculation by introducing the term ‘fraction of freezable
water’ (afreezable)32 defined in eqn (4). To estimate the layer
widths observed during the freezing process, we simplified the
formation of confined water as a radially expanding ring from
the pore surface with increasing pore filling. The relationship
between the pore filling level (f), pore diameter (D) (in nm), and
the corresponding ring width (d) (in nm) is shown in eqn (6).

f ¼ Dd � d2

D2
(6)

2.3. Simulation methodology: construction of slit pores, force
field parameters, and molecular dynamics workflow

Slit pore models of amorphous silica are built to replicate the
amorphous SBA-15 nanopores used in the experiments. Amor-
phous silica membranes are built starting from crystalline
silica in the following steps. First, b-cristobalite structure of
SiO2 is obtained from Crystallography Open Database (COD ID:
1010944) with unit cell parameters as a = b = c = 7.12 � 0.01 Å
and a = b = g = 901.33 The unit cell is then replicated in space by
8 � 6 � 6 to obtain a larger membrane of crystalline silica with
lengths along x, y, and z dimensions as approximately 5.7, 4.3,
and 4.3 nm respectively. This crystalline silica membrane is
then made amorphous following the methodology provided by
Stallons and co-workers.34 First, the membrane structure is
relaxed using the steepest descent minimization algorithm
for 50 000 steps and then melted at 6000 K during the first
3000 NVT MD steps. This is followed by a 7 ps NVE run. A more
realistic appearance of the modeled silica membrane is
obtained by adding hydroxyl functionalities and H atoms to
the valency unsaturated Si and O atoms respectively on the
amorphous silica membrane, replicating the intrinsic hydroxyl
groups observed on SBA-15 surfaces.35,36 This addition is con-
fined within 5 Å from the top of the silica surface.37 The
bonding and non-bonding potential in surface hydroxylated
silica are modeled using ClayFF.38 Therefore, the net charge
obtained after hydroxyl addition is neutralized by distributing
the excess charge among the Si atoms furthest from the
exposed silica surface.37 We call this membrane as SILhpl which
is further duplicated in space to create slit pores of widths 4, 6,
and 8 nm (see Fig. 1 and Fig. S1). It is important to note that
in silico construction and simulation of a slit pore of width
12 nm is challenging in terms of system size and therefore not
modeled in the present study, rather the phase transition
behavior of water in such a large confinement is evaluated
solely from the experiments.

In line with previous literature reports, the modeled slit
pores are filled with OPLS compatible TIP5P water assuming
water density same as its bulk density at 25 1C.7,39–41 Each of
the water filled slit pores is then energy minimized for 50 000
steps using steepest-descent algorithm followed by 50 ps of
NVE run to balance the shear forces and 50 ns of NVT run to
equilibrate the system temperature. Three starting structures
are randomly sampled from the last 10 ns of the 50 ns long NVT
run to conduct simulation triplicates using widely different
random number seeds. Statistics are accumulated for all the

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 1

2:
01

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02430g


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 19465–19479 |  19469

systems from an additional 79 ns NVT run with simulated
annealing. The annealing temperatures are selected based on
the end set points of each phase transition observed in the freezing
and melting profiles of neat water (Fig. 3 and Fig. S2, S3). A single
sequence of annealing points is used with the control points at
298 K, 232 K, 225 K, 198 K, 103 K, 217 K, 260 K, and 298 K with a
ramp rate of 10 K ns�1. The chosen ramp rate is a trade-off
between the computation time and the ramp rate-independent
relaxation behavior of supercooled water.42–44 In all the NVE
and NVT simulations, a timestep of 1 fs is used to solve
Newton’s equations of motion using the leap-frog integrator.
All bonds containing H are constrained. Neighbor searching for
non-bonding interactions is completed using a Verlet cut-off

scheme and the neighbor list is updated every 10 MD steps.
Short-range electrostatics and vdW interactions are cut off at
12 Å with long-range dispersion correction for energy and
pressure. Long-range electrostatic interactions are calculated
using the Particle Mesh Ewald (PME) method with a grid
spacing of 0.16 nm along with cubic interpolation.45 Tempera-
ture coupling is achieved by velocity rescaling with a stochastic
term using a coupling time constant of 0.1 ps and a reference
temperature of 298 K. Periodic boundary conditions are applied
along three dimensions of the simulation cells. GROMACS
202445 and VMD46 are used as the simulation software and to
visualize the trajectories, respectively. VMD, MATLAB (R2023b),
and gmxtools47 are used to analyze the trajectories and extract

Fig. 3 Heat flow data from differential scanning calorimetry (DSC) measurements during a freezing–melting cycle of water confined in SBA-15 materials
with pore diameters of 4 nm. The black curve corresponds to pore fillings below 33%, where only interfacial water is present with no phase transition
peaks. The red and green curves represent the formation of the water shell and core layers, respectively. During melting, all profiles exhibit a single peak,
indicating simultaneous melting of the water layers. Schematics depict the interfacial, shell, and core layers in coral red, orange, and brown, respectively.
Vertical dashed lines at 233 K, 239 K, and 245 K indicate the freezing points of the shell and core layers and the melting point of freezable water.
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key molecular scale insights regarding the coordination
environment.

3. Results and discussions
3.1. The influence of confinement size and pore filling on
freezing behavior of nanoconfined water

Multiple phase transition peaks during the freezing process
and a peak during the melting are observed in water confined
in pore sizes ranging from 4–12 nm (Fig. 3, 4 and Fig. S2–S4).
The precise pore filling control achieved via vapor loading
enables detailed observation of each phase transition. For
confined water samples that did not exhibit phase transition
peaks, the confined, unfrozen water is interpreted as the
interfacial layer as noted when pore filling is below 31%,
26%, 22%, and 13% for materials with pore diameters of
4 nm, 6 nm, 8 nm, and 12 nm, respectively.

With increasing pore filling levels, two distinct phase transi-
tion peaks emerge sequentially. The first peak is indicative of
the formation of a ‘‘shell’’ layer adjacent to the interface and
the second peak corresponds to the ‘‘core’’ layer within the pore
interior. This distinction is based on the sequential appearance
of these peaks in the DSC profile, with the shell forming closer
to the solid–liquid interface and the core occupying the pore
center. The presence of multiple freezing peaks supports the
hypothesis that water in hydrophilic confinements forms a
layered structure during the freezing process.6,48 Conversely,

the single melting peak suggests that each layer transitions as a
unified phase, further corroborating the layered structure
hypothesis by providing evidence against the likelihood of
multiple-phase transitions within a single layer. We attributed
the layered structure to the solid–liquid interfacial interactions.
Consequently, water molecules experience different degrees of
influence from the interfacial forces, leading to distinct phase
transitions for each layer.49

For confinements with varying sizes, our observations suggest
that the formation and structural characteristics of confined water
layers in 4–8 nm pores are predominantly governed by the surface
effect across all layers, whereas in the 12 nm pore, only the
interfacial layer is primarily influenced by the surface, while the
shell and core layers are influenced by the pore size. Based on
the freezing points of individual layers (Table 1), confined water
across all pore sizes exhibits a core-to-surface freezing pattern,
consistent with findings reported in previous studies.9,15 For
confinement with specific pore filling values (fint), the absence
of any phase transition peaks as shown by the black curves in
Fig. 3 and Fig. S2–S4 implies the existence of unfrozen water. This
unfrozen water is hypothesized to form as an interfacial layer on
the hydrophilic confinement surface, predominantly influenced
by hydrogen bonding between water molecules and hydroxyl
groups on the silica surface.50,51 Notably, fint decreases with
increasing pore size. By calculating the thickness of this interfacial
layer based on the fraction of unfrozen water via solving eqn (4),
we estimated its width (d) to be approximately 0.35–0.43 nm
(Table 2), aligning closely with previously reported values.20,52,53

Since the spatial distribution of confined water density remains
uncertain, both bulk water density assumption and a confined
water density model proposed by Etzler et al. for comparative
analysis are used.54

In the materials with pore diameters in the range of 4–8 nm,
a pattern is observed wherein an initial freezing peak (Peak I)
appeared with onset temperatures around 232–234 K, followed
by a second peak (Peak II) with onset temperatures around
240 K (Fig. 3 and Fig. S2, S3). Peaks I and II correspond to the
freezing of the water shell and water core, respectively.54,55 As
pore filling increased, the intensity of Peak II increases, while
Peak I remains stable. However, when the pore diameter is
12 nm (Fig. S4), after the water shell formed at pore fillings
above 13%, Peak II with onset temperatures around 243 K
emerged not as a new peak, but by separating from the existing
shell peak. When the pore filling exceeded 65%, Peak II shifted
to a higher freezing temperature of approximately 247 K,
suggesting an increase in the freezing point of the water core.
At a filling level above 83%, Peak I disappeared, and the
freezing point of the core continued to rise to 250 K. Similar
dynamic evolution of layered freezing structures has been
reported by Findenegg and co-workers and Schreiber and co-
workers.8,20 We interpreted the shift of Peak II in water con-
fined in pores with diameters of 12 nm as an evidence that
larger confinements allow confined water to behave similarly to
bulk water, due to the reduced surface tension of water con-
fined in pores with larger diameters.11,56,57 As the core region
expands within the 12 nm confinement, interactions between

Fig. 4 Heat flow data from differential scanning calorimetry (DSC) mea-
surements during a freezing–melting cycle of water confined in SBA-15
materials with pore diameters of 4, 6, 8, and 12 nm corresponding to their
respective highest pore filling. During melting, all profiles exhibit a single
peak, indicating simultaneous melting of the water layers. Vertical dotted
lines in the freezing profiles indicate the freezing points of the shell and
core layers and in the melting profiles, they correspond to the melting
points of freezable water.
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water molecules in adjacent layers can compete with solid–liquid
interactions at the interface, leading to a transition from a three-
layered structure to a two-layered structure. Conversely, in pore
diameters of 4–8 nm, the three-layered structure remains stable
across varying pore filling levels. Given the stable three-layered
structure observed in the materials with pore diameters of 4–8 nm
during freezing, we applied eqn (4) to estimate the combined layer
width of the interfacial water and the water shell, which aligns with
those obtained from simulations (Table 2). Similar to the observa-
tion of interfacial layer, we found that this combined width
remained consistent across all confinement sizes, further support-
ing the surface-dominated structuring of the interfacial layer.58–60

3.2. Melting points depression and phase transition enthalpy
of water in confinement

The melting process of confined water is associated with a
single-phase transition peak across all pore sizes and filling

levels studied, as opposed to the multiple phase transition
peaks observed during the freezing process. The widely
reported melting point depression is evident in our results as
well, with greater depression (DTm) observed with decreasing
pore size.61,62 We applied 273.15 K as the melting point of bulk
water (Tmb) under ambient pressure63 for comparing with the
melting point of confined water (Tm). For samples with satu-
rated pores, a decrease in pore diameter from 12 nm to 4 nm
led to an intensified melting point depression, decreasing from
approximately �13 K to �28 K, underscoring the significant
role of confinement size in phase transition behavior. Indepen-
dently, within each pore of diameter 4, 6, and 8 nm, a notable
melting point depression under reduced filling levels is noted.
This depression, approximately 14 K lower than that of fully
saturated pores, can be attributed to the formation of low-
density liquid phases and the structuring of hydrogen bonds
near the pore walls.23 In contrast, for the 12 nm confinement,

Table 1 Freezing and melting points of confined water across different pore diameters, pore filling levels, and layered structures. For confined water in
SBA-15 materials with pore diameters of 4–8 nm, a three-layered water structure forms and stabilizes as pore filling increases. In contrast, for confined
water in SBA-15 materials with pore diameter of 12 nm, phase transition peaks indicate a three layered structure when pore filling exceeds 65%. However,
the noticeable shift of Peak II, corresponding to the water core, suggests the formation of a core with bulk-like properties as the number of water
molecules increases and is marked with asterisks. When pore filling exceeds 83%, Peak I disappears and a new Peak II emerges, indicating the merging of
the original water shell and water core. ‘‘NA’’ indicates the non-availability of freezing/melting points for systems containing only the interfacial water
layer and thus no phase transition within the temperature range explored. Similarly, ‘‘—’’ indicates the absence of the corresponding layer (shell/core) at
the given pore filling level

Freezing pattern Pore diameter (nm) Pore filling (%)

Freezing point (K)

Melting point (K)Interfacial Shell Peak I Core Peak II Core* Peak II*

One water layer 4 o33 NA — — — NA
6 o26 NA — — — NA
8 o22 NA — — — NA
12 o13 NA — — — NA

Two water layers 4 33–54 NA 232.0 � 3.4 — — 231.4 � 1.3
6 26–39 NA 231.6 � 2.4 — — 238.7 � 8.1
8 22–30 NA 232.4 � 1.2 — — 242.4 � 6.7
12 13–53 NA 237.6 � 0.4 — — 259.5 � 1.9

Three water layers 4 454 NA 233.6 � 1.4 239.9 � 0.6 — 245.0 � 5.4
6 439 NA 234.0 � 0.8 240.2 � 0.3 — 253.1 � 4.8
8 430 NA 233.6 � 1.1 239.2 � 0.3 — 256.4 � 2.4
12 53–65 NA 237.0 � 0.3 243.1 � 0.1 — 260.5 � 0.9

Three water layers* 12 65–83 NA 237.3 � 0.3 — 247.3 � 0.6 259.2 � 1.2

Two water layers* 12 483 NA — — 250.5 � 0.3 259.2 � 0.7

Table 2 Widths of confined water layers at different confinement sizes obtained from experiments and simulations. The layer width of interfacial water
and combined interfacial and shell layers in 4, 6, and 8 nm pores are calculated from fint in experiments using two estimation approaches: (1) assuming
bulk water density, and (2) applying the confined water density from Etzler and co-workers (ref. 54). Simulation results for the combined interfacial layer
and water shell are provided for comparison in (3)

Water layers

Layer width (nm)

4 nm pore 6 nm pore 8 nm pore Average

(1) Interfacial water 0.35 � 0.01 0.41 � 0.02 0.41 � 0.02 0.39 � 0.04
Combination of interfacial layer and the water shell 0.62 � 0.03 0.64 � 0.02 0.62 � 0.02 0.62 � 0.02

(2) Interfacial water 0.38 � 0.01 0.45 � 0.03 0.45 � 0.02 0.43 � 0.04
Combination of interfacial layer and the water shell 0.68 � 0.03 0.70 � 0.03 0.68 � 0.02 0.69 � 0.03

(3) Combination of interfacial layer and the water shell 0.63 � 0.06 0.67 � 0.03 0.70 � 0.06 0.67 � 0.04
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the melting point remained constant as pore filling increased,
supporting the hypothesis that a 12 nm confinement has
sufficient space to facilitate bulk-like water behavior.11 The
end set points pertaining to the freezing and melting transi-
tions are provided in Table S2 and the corresponding peak
positions in the DSC profiles are provided in Table S3. The
classical Gibbs–Thomson (G–T) relation, which describes the
depression of melting point in confinement,64 is typically
expressed as eqn (7).

DT ¼ 2gslTm

rsDHfD
(7)

where gsl is the solid–liquid interfacial energy, rs is the solid
density, DHf is the molar enthalpy of fusion, and D is the
effective pore radius.23 It is worth noting that the derivation of
the classical Gibbs–Thomson equation (eqn (7)) relies on the
assumption that the volumetric free energy difference between
the solid and liquid phases can be approximated as

DGV � �
DHfDT
Tmb

(8)

where DHf is the molar enthalpy of fusion and Tmb is the bulk
melting point. This approximation is valid and allows a linear
relation between the melting point depression and inverse pore
radius.65 To account for the presence of an unfrozen interfacial
water layer, a modified form has been proposed by Jähnert
et al.,23 expressed as

DT ¼ 2gslTm

rsDHf D� dð Þ ¼
CGT

D� d
(9)

where CGT ¼
2gslTm

rsDHf
captures material-specific properties

including interfacial energy, enthalpy of fusion, and solid
density, and d represents the average thickness of the inter-
facial layer. Applying the average estimated layer width of
0.39 nm as d, which is calculated based on fint, we found that
the melting point depressions aligned well with predictions
from the modified G–T equation (Fig. 5), further validating our
estimation of layer widths.

DTm = Tm � Tmb = CGT/(D � 2d) (10)

It is also crucial to note at this point that confinement plays
a dominant role over the surface constituents as the spatial
heterogeneity in the phase transition of water has been
observed in several other confinements such as carbon nano-
tubes and model Lennard-Jones pores.66–68

By comparing the enthalpy change of confined water during
freezing and melting relative to that of bulk water, we observed
an overall reduction in enthalpy change within confined sys-
tems (Fig. 6). This reduction has been similarly reported for
confined water in hydrophilic pores19,20 and bound water on
hydrophilic surfaces,30 suggesting that phase transitions in
confined water are unlikely to exhibit the characteristics of a
purely first-order transition. However, the presence of intense
peaks during these phase transitions also indicates that they

are unlikely to resemble glass transitions. Therefore, these
phase transitions may be more appropriately classified as weak
first-order transitions.69,70 Notably, as pore size increased, the
normalized enthalpy changes also increased, indicating a gra-
dual shift in the nature of phase transitions with varying pore
sizes. In particular, for fully filled samples, the normalized
enthalpy (relative to bulk water) ranged from approximately
0.27–0.32 for 4 nm pores to 0.33–0.38 for 6 nm pores, and 0.44–
0.47 for 8 nm pores, reaching around 0.65 for 12 nm pores.
Furthermore, differences in phase transition behavior are
apparent across various layers as pore filling increased and
the enthalpy change from core water freezing became domi-
nant, the normalized enthalpy change rose significantly from

Fig. 5 Fitting of melting point depression using the modified Gibbs–
Thomson equation (eqn (9)) for water confined in SBA-15 materials with
various pore sizes. The fitted curve incorporates a correction term for the
interfacial layer width. Data points show experimental results; the fit
supports a 0.4 nm interfacial layer. Error bars represent the standard
deviation from multiple measurements.

Fig. 6 Normalized enthalpy of confined water during freezing and melt-
ing as a function of normalized pore filling. Solid lines represent freezing;
dashed lines represent melting. Data are shown for 4, 6, 8, and 12 nm
pores. The increasing trend in normalized enthalpy with pore size and
filling level indicates a gradual transition toward bulk-like behavior.
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values below 0.1. These results suggest that the phase transi-
tions are comparatively weaker within the water shell layer than
in the water core, consistent with the distinct hydrogen bond-
ing structures observed in our simulations as discussed later.

3.3. Coordination environment of water and its layered
structure in confinement

A general idea of the first coordination shell of water in the
nanoconfinement can be obtained from the radial distribution
function of the water oxygen atoms (gOO(r)) in the pore as shown
in Fig. 7. Only the first coordination shell is prominent for profiles
at room temperature whereas the second coordination shell
appears to be more notable at decreasing temperatures. This
observation can be attributed to the preferred orientation of the
hydrogen bonding network of water at those temperatures (see
Section 3.6). The locations of the first and second coordination
shells are 2.7 Å and B4.3 Å respectively that align well with prior
literature reports.7,71–74 A well-defined minimum between two
maxima in the g(r) profiles denotes compact coordination layers
of water and minimal probability of molecular exchange between
the coordination shells. Moreover, variation of the coordination
number (nOO(r)) with radial distance exhibits interesting features
as profiles at different temperatures intersect at a distance of
B0.32 nm with a coordination number of B4, which corresponds
to an isosbestic point. This distance of 0.32 nm in fact marks the
boundary of the first coordination shell of water oxygen atoms in
pores of all widths. This observation suggests that the first
coordination shell of water is tetrahedral in these confinements
irrespective of the pore width and temperature.75–77

Since the fluid layer in direct contact with the solid surface is
known to have different properties and phase transition behavior

compared to water in the center of the pore due to short-range
interactions,77,78 the number and mass densities of atoms have
been used by multiple studies to distinguish between these two
fluid layers.79–83 To distinguish between the water layers, the
variation of mass densities of water along the major axis (Z) of
the simulation cell that is normal to the solid surface is shown in
Fig. 8. The width of the first peak in the density profile is
considered to be equivalent to the width of the combined inter-
face and shell layer of water as observed in the experiments (Fig. 3,
4, Fig. S2, S3 and Table 2). Magnitudes of the average width of
combined interface and shell layers computed from simulations
are provided in Table 2 (see entry 3) which align well with the
experimental findings (see entry 1 and 2 in Table 2). The width is
measured from the mean position of the surface hydroxyl
groups.79 It is important to note that in the presence of TIP5P
water used in the simulations, the nature of the water layer within
1 nm of the hydroxylated silica surface exhibits mass density
profiles with variable characteristics as a function of temperature.
Multiple sub-layers are observed in this region as temperature
decreases, forming one or two water layers. This is in line with
previous studies21,79–83 and can originate from the variation in
hydrogen bonding pattern of water at lower temperatures (see
Section 3.5). Moreover, although the mass density of water is seen
to converge to its bulk density at 25 1C in regions beyond 1 nm
from the solid surface (Fig. 8), it exhibits a slightly higher density
in the combined interface and shell region.60,81 Interestingly,
femtosecond acoustic pulse experiments by Mante and co-
workers found that the local density of water is up to five times
higher than that of bulk water within 1 nm from the solid surface
due to the strong solid–liquid interactions and the roughness of
the solid surface.60

Fig. 7 Radial distribution function of water oxygen atoms (gOO(r)) (top panel) and coordination number of the same atoms (nOO(r)) (bottom panel)
confined within the slit pores of width 4, 6, and 8 nm as a function of distance (r) at the control temperatures used in the simulations. The arrows in the
top panel indicate the positions of the first and second coordination shells. Isosbestic point located within the 1st coordination shell for all the three
systems indicates tetrahedral coordination of water independent of temperature and pore width.
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3.4. Energetic basis underlying silica–water interactions

To determine the energetic basis underlying the freezing behavior
of water in nanoscale confinement, the electrostatic and van der
Waals (vdW) energies were determined. Fig. 9 represents the
variation of the electrostatic and van der Waals (vdW) energies
between silica and water as well as between water molecules

themselves in confinements of different sizes normalized by the
total number of water molecules in the pores. A clear trend of
electrostatic stabilization and vdW destabilization with decreasing
temperature is prominent in these profiles. The electrostatic
interaction between silica surface and water is most stable in
the 4 nm pore at all temperatures which decreases as the pore size
is increased. This is quite similar to the findings of Zou and co-
workers where the ratio of the total surface potential energy
experienced by liquid atoms to their kinetic energy diminishes
as the pore size increases following a power law relationship at a
specific temperature.78 On the other hand, the vdW interaction
between silica and water is slightly more repulsive in pores of
smaller sizes at all temperatures studied. For interactions between
water molecules themselves, the electrostatic interaction attains
moderately higher stability as the pore size is increased. However,
the magnitudes of electrostatic stability remain nearly invariant in
6 and 8 nm pores. Besides, the vdW interactions between the
water molecules are nearly similar in all the slit pores investigated.
Density functional theory-based water absorption study by Chen
and co-workers using defective a-quartz (0001) surface reveals that
there exists a difference of one order of magnitude between water–
silica interaction energy and that between hydrogen bonded water
molecules where the latter dominates.84 This phenomenon also
appears to be consistent for water confined within the amorphous
silica slit pores examined in this study. Notably, cusps character-
ized by moderate slope changes observed in the profiles at 103 K
indicate a weak first-order phase transition, consistent with
experimental observations.84,85

3.5. Hydrogen bonding as a determinant of structure in
confined water layers

Hydrogen bonding network, being the most dominant form of
dynamic interaction in water, controls nearly all of the physical

Fig. 8 Mass density of water (rwater,Z) as a function of the distance along z
axis of the simulation cell for slit pore of width 4 nm at the control
temperatures as used in the simulations. The slit pore being symmetric,
the arrows indicate the width of the (interface + shell) layer of confined
water in contact with the amorphous silica surfaces. The first and fourth
dash-dotted lines in each profile represent the z index of the geometric
center of the hydroxyl groups on the silica surface exposed to the water
medium that essentially lies on the plane of the hydroxyl groups, whereas
the second and third dash-dotted lines indicate the boundaries of the
(interface + shell) layer formed by confined water. The average width of
the (interface + shell) layer of water in different slit pores is provided in
Table 2(3). The profiles for 6 and 8 nm pores are provided in Fig. S5.

Fig. 9 Variation of the non-bonding interaction energies (electrostatic (Eelectrostatic) and van der Waals (EvdW)) in silica–water and water–water
combinations normalized by the number of water molecules in each system as a function of the control temperatures used in the simulations of
neat water systems of pore width 4, 6, and 8 nm. The standard deviations are obtained from triplicates of each simulation.
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properties of water such as its spatial structure, density, surface
tension, dielectric constant, and colligative properties. For
example, in bulk water, each water molecule forms up to four
hydrogen bonds with neighboring water molecules that gives
rise to a density of 0.9950 g cm�3 at 298 K. When cooled to
277 K (4 1C), water achieves its maximum density, and if cooled
further, it becomes less dense by expanding its spatial
structure.86 However, a significant variation in intermolecular
hydrogen bonding is noticed in confined water compared to the
bulk water. Fig. 10(a) represents the variation of the number of
hydrogen bonds per water molecule for combinations such as
silica–water and water–water with temperature for all the slit
pores. A distance cut-off of 3.5 Å and a donor–H–acceptor angle

cut-off of 301 is considered for evaluating the hydrogen
bonds.87 The hydroxyl groups embedded in the amorphous
silica surface along with the non-hydroxyl oxygens are consid-
ered in this regard. It is important to note that the hydroxyl O
(O1) and H (H1) attached to the silica surface have partial
charges of �0.95e and 0.425e respectively whereas the O (O2)
and H (H2) in TIP5P water have partial charges of 0e and 0.241e
respectively. The non-hydroxyl oxygen (O3) in silica has a partial
charge of �1.05e. For a straightforward comparison, the
H-bonding interaction that is primarily an electrostatic inter-
action is equivalent to energies (Coulomb’s interaction) of
B�91 kJ mol�1 for O1–H2, B�100 kJ mol�1 for O3–H2, and
0 kJ mol�1 for O2–H1 interactions, respectively, at a distance of

Fig. 10 (a) Variation of the average number of hydrogen bonds per water molecule with respect to different temperatures as used in the simulations for
4, 6, and 8 nm slit pores between ‘silica and water’ and water molecules themselves in (interface + shell) region as well as the core region of the pores.
The standard deviations are obtained from simulation triplicates. A distance cut-off of 3.5 Å and donor–H–acceptor angle cut-off of 301 are used for
calculating the hydrogen bonds. All Oxygens and hydrogens present on the silica surface are considered in this regard; (b) snapshots representing the
spatial orientation of the water molecules present within 4 Å from a small representative section of the silica surface in 4, 6, and 8 nm slit pores at 103 K
representing majority of the water molecules acquiring H-down orientation with respect to silica. The silica surface is represented as vdW spheres of Si
(yellow), O (red), and H (white) whereas water molecules are shown in CPK with O and H in red and white respectively; (c) different shapes of hydrogen
bonded water network as seen in the (interface + shell) and core region of 4, 6, and 8 nm slit pores at temperatures 298 K and 103 K. The structures are
viewed along the xy plane where they vary from simple tetrahedral network to regular/distorted pentagon, regular/distorted hexagon and higher order
geometries. However, the majority of the water molecules display amorphous hydrogen bonded network in all the cases.
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separation same as the hydrogen bond cut-off. In line with the
strong electrostatic attraction between O1 and H2, a layer of
strongly bound water is evident in 1H solid-state NMR studies
by Grünberg and Vyalikh and co-workers.88,89 However, the
number of O3–H2 hydrogen bonds is far less than that of O1–
H2 and O2–H1 in our case because of the nearly complete
hydroxylation of the silica surface. Thompson and co-workers
found that the number of hydrogen bonds per water molecule
decreases to B2.2 in hydrophilic porous silica confinement
compared to B3.6 in bulk.90 It is evident from Fig. 10(a) that
the number of hydrogen bonds per water molecule is slightly
more between water molecules in the core compared to those
present in the interface and shell region. Besides, both of them
are higher than the silica–water hydrogen bonds. However, in
all the combinations, the number of hydrogen bonds increases
as temperature is reduced. The maximum number of hydrogen
bonds per water molecule seen in the case of silica–water is
0.29 whereas they are 1.10 and 1.45 in the case of water–water
combination in (interface + shell) and core region, respectively.
A clear trend of increase in the number of hydrogen bonds
between silica and water is noticed at all temperatures with
decreasing pore sizes. However, this behavior is similar in the
6 nm and 8 nm pores near the region of the lowest temperature.
This observation is in contrast to the water–water hydrogen
bonds, which decrease with reduction in the pore diameter
while water confined in 6 and 8 nm pores behave fairly
similarly to each other. This result is in good agreement with
the equilibrium MD simulations reported by Zhang and co-
workers at 298.15 K where B0.8 hydrogen bonds per water
molecule is observed to form between water molecules at a
distance of B3.7 Å from the pore surface of a 4.75 Å cylindrical
silica nanopore.91

3.6. Structural distortion of ice in nanopores

The solid–liquid phase diagram of water exhibits multiple
stable and metastable phases of ice. Liquid water shares a
phase boundary with normal or hexagonal ice Ih, and ices III,
IV, VI, and VII. Ice Ih is stable within a wide temperature range
of �200 1C (73 K) to 0 1C (273 K) and a short range of pressure.
On the other hand, ice VIII is stable within the same tempera-
ture range, but a wide range of pressure (13 to 25 kbar).
Therefore, it is evident that different phases of ice can be
observed in nanoconfinement depending on the pore
pressure.78,86

It is widely known that pressure exhibits wide variability
with respect to that of the bulk water in the confined environ-
ments. It has been seen that competing effects of solid–liquid
and liquid–liquid interactions determine the pressure in the
nanopore and consequently, the liquid layer in direct contact
with the surface has a significant influence on the pore
pressure. Depending on the pore size, the pressure can be
either positive or negative. A surface influence number as
developed by Zou and co-workers predicts that the effect of
solid–liquid interactions originating from the surface
diminishes following a power law as the pore size is increased
at a particular temperature. The change in pressure in the

confinement can distort the H–O–H angle in water giving rise to
distortion in the ice lattice that can include both orientational
and ionic defects.78,86

Strong electrostatic attraction between the water dipoles and
the silica surface is known to force the water molecules in
hydrogen down orientation92 as evidenced by the predomi-
nance of hydrogen-down water molecules in the simulation
snapshots (Fig. 10(b)). Moreover, the widely spread hydrogen
bond network present in water gives rise to water clusters of
different geometries ranging from simple tetrahedral network
of water molecules, regular, or distorted pentagons and hexa-
gons to higher order clusters consisting of seven or eight water
molecules.93 Fig. 10(c) exhibits some of these clusters as
observed during the simulations. Thorough inspection of the
water layers at different temperatures confirms the fact that
amorphous solid water (ASW), a glassy state of water is formed
during the simulation. Prior literature reports suggest that a
cooling rate of the order of 106 K s�1 is sufficiently rapid to form
the non-crystalline solid water (i.e. glassy water) by completely
avoiding the freezing phenomenon.27,94 The fast kinetics does
not allow the water molecules enough time to arrange them-
selves in a crystalline state at the supercooling temperatures
and consequently, the glassy state is reached. Low density
amorphous (LDA), high density amorphous (HDA), and very
high density amorphous (VHDA) ice are the three major forms
of glassy water and their formation and interconversion depend
on the experimental or simulation protocols. The cooling rate
used in our simulations is of the order of 1010 K s�1 which is
fast enough to allow the glass transition of water leading to the
formation of ASW in combination with effects from pore
pressure and surface–water interactions. Fig. 11 shows the
ASW structures observed in the (interface + shell) and core
region of the slit pores at the lowest temperature sampled.
Coupled with the density profiles and number of hydrogen
bonds shown in Fig. 8 and 10(a) respectively, the ASW struc-
tures reveal that HDA water is found in the (interface + shell)
region whereas the core is populated by the LDA water. This in
turn, also suggests that the total pressure in the core is
relatively less than that in the interface and shell.

4. Conclusion

In this study, a comprehensive methodology for determining
the mechanisms underlying the freezing and melting behavior
of water confined in silica nanopores with pore diameters in
the range of 4 nm to 12 nm, is established. Layered structures
of water are observed on freezing in silica nanopores and these
structures and the corresponding freezing points are deter-
mined using differential scanning calorimetry (DSC) measure-
ments. Multiple layers of water with varying freezing points are
noted when the pore filling is typically greater than 45%.
Specifically, a stable three-layer structure comprising an inter-
facial layer, a shell, and a core was identified for water confined
in pores with diameters 4 and 8 nm. From the pore filling levels
associated with each peak formation, we estimated the
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interfacial layer width at approximately 0.39 nm and the
combined interfacial and shell layers at around 0.62 nm. For
the 12 nm pores, a dynamic structural adaptation is observed,
where the water core merged with the shell to form a unified
layer at higher pore filling levels. The melting point depression
depends on pore size across all samples, which we described
using the modified Gibbs–Thomson equation with an esti-
mated unfrozen layer of 0.39 nm based on the DSC data.

In the case of water confined in silica pores with diameters
of 4–8 nm, the additional melting point depression correlated
with pore filling levels, likely resulting from enhanced solid–
liquid interactions in the smaller, hydrophilic confinements
compared to the 12 nm case. Enthalpy analyses indicated a
trend of increasing enthalpy with both pore size and filling
level, with lower enthalpy changes consistently noted for water
near the pore surface and in smaller nanopores. Molecular
dynamics (MD) simulations further elucidated these interac-
tions, using amorphous silica slit pores with diameters ranging
from 4 to 8 nm to examine the coordination behavior of water
and its layered structure during freezing. The primary density
peak, with a width relatively stable across pore sizes and
temperatures, aligned with the combined interfacial and shell
layers observed experimentally. Electrostatic interactions
between the silica surface and confined water molecules pre-
dominantly stabilized the water structure within smaller pores,
while van der Waals interactions slightly destabilized the
system, especially at lower temperatures and in narrower

confinements. The non-bonding interactions between the silica
surface and interfacial water significantly influence the hydro-
gen bonded network of water, serving as the primary factor
behind the formation of the unfrozen interfacial water layer.
Distorted ice polymorphs in a matrix of amorphous solid water
are also identified, with their formation driven by the cooling
rate, pore diameter, and silica–water interactions. Based on
observations from experimental and simulation data, the phase
transition of water in SBA-15 with pore diameters of 4–8 nm is
characterized as weak first-order transitions that varied
depending on the pore diameter and the number of water
layers within the pores. The insights obtained on phase transi-
tion and energetics would guide further research on various
geological processes, energy storage, and controlled drug
delivery.
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